Crushed seeds of the Moringa oleifera tree have been used traditionally as natural flocculants to clarify drinking water. We previously showed that one of the seed peptides mediates both the sedimentation of suspended particles such as bacterial cells and a direct bactericidal activity, raising the possibility that the two activities might be related. In this study, the conformational modeling of the peptide was coupled to a functional analysis of synthetic derivatives. This indicated that partly overlapping structural determinants mediate the sedimentation and antibacterial activities. Sedimentation requires a positively charged, glutaminerich portion of the peptide that aggregates bacterial cells. The bactericidal activity was localized to a sequence prone to form a helix-loop-helix structural motif. Amino acid substitution showed that the bactericidal activity requires hydrophobic proline residues within the protruding loop. Vital dye staining indicated that treatment with peptides containing this motif results in bacterial membrane damage. Assembly of multiple copies of this structural motif into a branched peptide enhanced antibacterial activity, since low concentrations effectively kill bacteria such as Pseudomonas aeruginosa and Streptococcus pyogenes without displaying a toxic effect on human red blood cells. This study thus identifies a synthetic peptide with potent antibacterial activity against specific human pathogens. It also suggests partly distinct molecular mechanisms for each activity. Sedimentation may result from coupled flocculation and coagulation effects, while the bactericidal activity would require bacterial membrane destabilization by a hydrophobic loop.
Diverse communities in the world traditionally use different natural agents from animal or vegetal sources as raw water additives to produce drinking water. Systematic studies have shown that among the different plant-derived materials tested, Moringa oleifera seeds seem to be one of the most effective primary water treatments (17, 28) . Water-soluble proteins released from the crushed seed kernels function as natural flocculating agents, which have been proposed to bind and crosslink particles suspended in a colloidal structure, forming larger sedimenting particles (17, 18, 29) . Microorganisms are generally attached to solid particles in raw water samples, and treatment employing Moringa seed powder can remove over 90% of the bacterial load (35) . Unexpectedly, a study on the sedimentation effect of the seed-derived peptide termed Flo indicated also that it mediates bacterial disinfection, being able to kill antibiotic-resistant bacteria, including several human pathogens (62) .
The cationic nature of the Flo polypeptide is characteristic of a wider group of cationic peptide antibiotics that are usually less than 10 kDa in size and display an overall net positive charge. Cationic antimicrobial peptides (AMPs) make part of the innate immunity response, which is the first line of defense against pathogens. Most of the AMPs are expressed constitutively by a wide range of organisms, such as protozoa, pro-karyotes, plants, insects, and other higher organisms (4, 23, 59) . Target cell specificities are variable among AMP family members, exhibiting bactericidal, fungicidal, and/or tumoricidal properties. Despite their functional variability, AMPs share at least two common structural features: (i) a net positive charge that facilitates the interaction with negatively charged microbial surfaces and (ii) the ability to assume amphiphilic structures, allowing their incorporation into cellular membranes. AMPs have been proposed to exert their antibacterial effects by a wide range of mechanisms, including leakage out of cellular content due to the formation of transmembrane channels, depolarization of bacterial membranes, scrambling of lipid distribution between the leaflets of the cell membrane bilayer, and/or damage of intracellular targets after peptide internalization (73) .
A large proportion of the AMPs may display amphipathic ␣-helices acting as the bactericidal structure (71) . The molecular basis of the specificity against microbial membranes has been proposed to rely on the double interaction of the hydrophobic and hydrophilic AMP surfaces with the lipid core and acidic phospholipids of the target bacterial membrane, respectively. Three models were proposed to explain how this interaction ultimately leads to membrane destabilization and cell death: amphipathic helices may mediate the formation of pores spanning the membrane bilayer either by interfacing regions of the lipid core region and aqueous environment within the pore (barrel stave model) (3, 11, 25) or by the formation of pores constituted by peptide and phospholipid heads from the bent membrane (aggregate channel model) (36, 46) . Alternatively, a more general disorganization of the membrane hydrophobic and hydrophilic layers may occur, leading to their disruption (carpet model) (2, 24, 26, 52) .
Because AMPs have been found to effectively kill bacterial pathogens that are otherwise resistant to many commonly used antibiotics, they have attracted considerable attention in recent years as novel and potentially efficacious therapeutics. AMP efficacy varies significantly in terms of their effective dose and specificity relative to the affected bacterial cells. Improvement has been achieved either by mutating the primary sequence, for instance to augment their amphiphilic character (9, 10, 14, 19, 63) , or by multimerizing the active sequence (1, 33, 67) .
Since the Flo polypeptide exhibits the unprecedented property of combining both water clarification and disinfection properties (62), we set up experiments to examine the molecular basis and structural determinants of each of the two activities by performing a structure-function analysis. We find that distinct Flo sequences, and hence mechanisms, mediate either activity. This study also indicates that Flo antibacterial activity may be associated with a motif composed of two amphipathic helices separated by a hydrophobic and kinked structure and that multimeric structures of this motif exhibit more efficient and specific antibacterial activities.
MATERIALS AND METHODS
Computational analysis and modeling of Flo structure. Multiple alignments of Flo (accession number P24303) and similar amino acid sequences were performed employing ClustalW, and secondary structure prediction analysis was performed by Jpred (http://www.ch.embnet.org/) using the following polypeptide sequences. sp P24303 MO2X_MOROL corresponds to the flocculent-active proteins MO 2.1 and MO 2.2 from Moringa oleifera. sp P80351 2SS1_CAPMA is the sweet protein mabinlin I-1, while sp P30233 2SS2_CAPMA is the precursor of sweet protein mabinlin II, both from Capparis masaikai (mabinlang). tr Q41169 is a fragment of a storage protein from Raphanus sativus (radish), while sp P15460 2SS4_ARATH is the precursor of 2S seed storage protein 4 from Arabidopsis thaliana. tr Q9S9E8 is the napin large chain from Brassica napus (rape), tr Q9S870 is a fragment of 7.9-kDa napin-like protein large chain from Momordica charantia (balsam pear), and tr Q40045 is a fragment of D-hordein from Hordeum vulgare (barley). MODELLER release 6.2 (58) was used to build all non-hydrogen atom models of the Flo polypeptide and derivatives based on the multiple alignment and using the napin B chain as a template (PDB code 1PNB). One hundred models were built for each target. Each model generated by MODELLER was energy minimized using the CHARMM program (7) using 30 steps of Steepest Descend followed by 30 steps of Adopted Basis Newton-Raphson and the CHARMM19 force field (42, 54) , with a dielectric constant of 1 and a 20-Å cutoff. For each minimized structure, the ANOLEA energy of residues was determined (37) . We used ANOLEA energy values averaged over a 5-residue sliding window. The heavy atoms RMSD of the hundred minimized structures were clustered using a hierarchical clustering method. The minimized structure belonging to the biggest cluster with the lowest ANOLEA energy was retained as the best candidate for each target. The model of Flo polypeptide in Fig. 1 was represented by employing the Deep View software (21, 22) .
Preparation of synthetic polypeptides. Polypeptides derived from the Flo amino acid sequence were synthesized on an Applied Biosystems synthesizer 433A or an Abimed AMS 422 multiple peptide synthesizer. Amino acid derivatives were obtained from Novabiochem (Läufelfingen, Switzerland), and other reagents were from Fluka and Sigma Chemie (Buchs, Switzerland). The fulllength Flo polypeptide, as well as the P5, P6, and branched derivatives P4aMAP and P4dMAP, was synthesized at the Protein and Peptide Chemistry Facility of the University of Lausanne. The synthesis was performed using a fivefold excess of 9-fluorenylmethoxy carbonyl (Fmoc) amino acid derivatives dicyclohexylcarbodiimide and N-hydroxybenzotriazole as activating agents, and a 60-min coupling time on a p-alkoxybenzylalcohol resin (Wang, Bachem, Bubendorf, Switzerland). Side-chain-protecting groups included the following: the triphenylmethyl group for Asn, Gln, Cys, and His; the pentamethyl-chroman-sulfonyl group for Arg; the t-butyloxycarbonyl group for Lys and Trp; and the t-butyl group for Asp, Glu, Ser, Thr, and Tyr. The peptides were deprotected and cleaved from the resin by treatment with 2.5% H 2 O-5% triethylsilane in trifluoroacetic acid (TFA) for 2 h at room temperature. After removal of the resin by filtration, the peptides were precipitated with tert-butyl methyl ether and centrifuged and the pellets were resuspended in 1% acetic acid-water and lyophilized. The lyophilized material was then subjected to analytical high-performance liquid chromatography (HPLC) and to matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) or electrospray ionization-TOF analyses. External calibration was performed to allow accurate mass measurement.
MAPs (multiple-antigen peptides) were prepared as an asymmetric fourbranch structure as described previously (65) , except that an extra Fmoc-Lys (Boc) was added as the C-terminal amino acid on the resin followed by an Fmoc-Ala followed by Fmoc-Lys (Fmoc) to serve as the first branching point. In short, MAPs were synthesized by stepwise solid-phase synthesis in a single operation starting with the C-terminus core matrix using deprotected Fmoc-Lys (Fmoc) to create the branching points (65, 68) . After deprotection of Fmoc by piperidine, a spacer comprising G-G was added, followed by Fmoc-Lys (Fmoc), which served as the second branching point of the MAP. After deprotection of Fmoc, the peptide sequences were sequentially elongated to the lysine core matrix on the resin to form the desired four-branch structure. The amino acid compositions of the branched peptides were determined by amino acid analysis (8) and were in agreement with expectations.
Purification and analysis of synthetic polypeptides. Crude MAPs were reconstituted in 1% acetic acid-water, and low-molecular-weight contaminants were removed by gel filtration on Sephadex G-25. The materials eluted in the void volume were lyophilized, reconstituted in 1 ml water, and subjected to reversephase (RP) HPLC on a Vydac column (250 by 22 mm, 10 to 15 m; Bucher Biotec, Basel, Switzerland), Xterra Prep MS C 18 (5 m, 10 mm by 100 mm; Waters Corporation, Milford, Mass.), or monolithic Chromolith Performance RP-C 18 column (4.6 by 100 mm; Merck, Darmstadt, Germany). The Chromolith column was eluted at a flow rate of 9 ml/min by a linear gradient of 0.1% TFA-acetonitrile on 0.1% TFA-H 2 O, rising within 60 min from 10% to 100%. The optical density of the eluate was monitored at 220 or 280 nm. Fractions were collected and analyzed by mass spectrometry. Fractions containing the peptide of the expected molecular weight were pooled, lyophilized, and reconstituted in water. The purified material was then subjected to mass spectrometry and analytical HPLC in a 250-by 4-mm, 5-m C 18 nucleosil column (Agilent Technologies AG, Geneva, Switzerland). The column was eluted at 1 ml/min by a linear gradient of 0.1%-acetonitrile on 0.1% TFA-H 2 O, rising within 30 min from 0 to 60%, and detection was performed at 220 and 280 nm using a Waters 991 photodiode array detector. The concentration of peptides was estimated from the absorbance of peptide bonds at 214 nm and/or by amino acid analysis performed using the DABS-Cl (dimethylamino azobenzenesulfonyl chloride) method as described in reference 8. The purity of the peptides was estimated to be at least 80%.
Mass spectrometry and amino acid analysis. Mass spectrometry analyses were performed using a PerSeptive Biosystems MALDI-TOF Voyager DE-RP mass spectrometer (Framingham, MA) operated in the delayed extraction and linear mode or an LCT instrument (Micromass, Manchester, United Kingdom) combining an electrospray source and a TOF analyzer. ␣-Cyano-4-hydroxycinnamic acid was purchased from Sigma Chemical Co. (St. Louis, Mo.). All other chemicals were of the highest purity and were used without further purification.
Water clarification assays. Water clarification activity was evaluated using a 1-mg/ml suspension of 3.5-to 7-m-diameter glass particles (Spheriglass 5000; Potters-Ballotini, Barnsley, United Kingdom) in 2 ml of 50 mM phosphate buffer, pH 7.0, to mimic turbid water (62) . Stirring was continuous at 800 rpm, and optical density (OD) was recorded at 600 nm in a spectrophotometer (Lab-VIEW software; National Instruments Corporation). After 5 min of continuous stirring, the compound to be tested was added to a final concentration of 10 g/ml, unless otherwise noted, and stirring was continued for 15 min. The sedimentation efficiency was estimated from a linear regression performed on time points corresponding to 4 min before the addition of the polypeptide solution (basal sedimentation) and 4 min after its addition (coagulation-mediated sedimentation).
Bacterial strains and antibacterial activity assays. Escherichia coli ER2566 (New England Biolabs, Hitchin, Hertfordshire, United Kingdom), Salmonella enterica serovar Typhimurium (72) , Pseudomonas aeruginosa PAO1 ATCC 15692, methicillin-resistant Staphylococcus aureus P8 (12), Streptococcus pyogenes ATCC 700294, and Enterococcus faecalis (clinical isolate) were grown at 37°C in either brain heart infusion (Oxoid Ltd., Hampshire, England), in Luria Bertani broth (LB; Difco Laboratories, Detroit, MI), on LB agar (Difco), or on Columbia agar (Oxoid) supplemented with 3% blood.
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nentially growing bacteria (OD 620 ϭ 0.5) were washed and resuspended in the same volume of 10 mM phosphate buffer, pH 7.0. Synthetic peptides were added to a final concentration of 300 M, unless indicated otherwise in the figure legend, and incubated with bacteria for 2 h. Cell viability was assessed by plating treated or nontreated bacteria on nonselective agar plates. Unless otherwise noted, the average of the survival ratio and standard error of at least three independent experiments are depicted on the figures. Confocal laser microscopy. E. coli cells from 100 l of an exponential-phase culture were incubated as described above with 300 M of Flo derivatives for 4 h at 37°C. Control and treated bacteria were exposed to the Live/Dead BacLight bacterial viability stains according to the manufacturer's instructions (Molecular Probes, Eugene, Oreg.). One hundred microliters of the undiluted bacterial suspension was mixed with 0.3 l of a mixture of equal parts of SYTO 9 and propidium iodide and incubated in the dark for 20 min. Two microliters of the stained suspension was deposited on a glass slide and covered with a coverslip. Image acquisition was performed with a confocal scanning laser microscope (model TCS SL; Leica Lasertechnik GmbH, Heidelberg, Germany). Confocal illumination was provided by Ar and HeNe lasers (488-nm and 543-nm laser excitation, respectively). The SYTO 9 signal was collected in the range 503 to 523 nm, and the propidium iodide signal was collected between 577 and 631 nm. The sensitivities of the photomultipliers and the laser intensity were adjusted and thereafter kept constant throughout the experiments. Randomly selected regions of each sample were imaged using a ϫ20 oil immersion objective. The area of each section was transformed into a digital image of 512 by 512 pixels. A similar incubation protocol was used for the analysis of bacterial cell aggregation by phase-contrast microscopy, except that a 10-fold-larger amount of bacteria was used.
Hemolytic activity assay. One hundred microliters of fresh human blood (10 9 erythrocytes/ml) was mixed with 5 U of heparin (Sigma, St. Louis, Mo.) and 900 l of 0.9% NaCl (Amino AG, Neuehof, Switzerland). Human erythrocytes were purified from plasma and buffy coat by centrifugation and diluted 1% (vol/vol) in 0.9% NaCl followed by incubation with synthetic peptide at the indicated concentrations for 1 h at 37°C. Hemolysis was determined from the supernatant absorbance at 540 nm (OD 540 ) after sedimentation of the intact cells in a microcentrifuge. Red blood cell lysis was normalized to the absorbance of supernatant value obtained from human erythrocytes similarly incubated with 0.1% Triton X-100, which was scored as 100% hemolysis.
RESULTS
The Flo polypeptide, either expressed as a recombinant peptide or synthesized chemically, was shown to possess both a bactericidal activity and water clarification properties. For instance, it was shown to decrease the viability of gram-negative or gram-positive bacterial cells and to mediate the aggregation of negatively charged particles in suspension, such as bacterial cells, clay, or silicate microspheres (6, 62) . This finding raised VOL. 49, 2005 ANTIBACTERIAL AND FLOCCULATING PEPTIDE 3849 the possibility that both activities might have related mechanisms and/or structural determinants. To address this possibility, we set out to perform a structure-function analysis of the polypeptide in order to localize the polypeptide sequence responsible for each activity. As a first step toward the synthesis of Flo variants, its secondary and tertiary conformations were modeled according to the known solution structure of related proteins.
Computational modeling of Flo secondary and tertiary structures. Amino acid sequence analysis and multiple alignments indicated a high degree of similarity between Flo and several polypeptides belonging to the family of 2S albumin seed storage proteins from various plant species (Fig. 1A) . These proteins are synthesized as a precursor polypeptide, which is cleaved to form the A and B chains of the mature protein. For instance, the napins are initially synthesized as a precursor protein, which is proteolytically cleaved to generate a smaller A chain of 4,000 Da and a larger B chain of 9,000 Da held together by disulfide bonds (13, 16) . Flo is homologous to a part of the large chain of both napin and mabinlin, implying that it corresponds to the B chain of the Moringa 2S seed protein.
Nuclear magnetic resonance analysis of the A and B subunits of the napins indicated that they contain several ␣-heli-ces, namely three in the B subunit (47, 56) . When analyzing the homologous Flo sequence with several structure prediction programs (20, 55 ), a consensus model of Flo secondary structure arose, showing a high probability of ␣-helices in the three regions that form helical structures in the corresponding parts of napin B (Fig. 1A , bottom line). A molecular model for Flo tertiary structure was built, taking these observations and the structure of napin B into account (Fig. 1B ). From this model, three short derivatives of Flo were designed so as to contain amino acid sequences corresponding to each of the three putative ␣-helices (polypeptides P1, P2, and P3, Table 1 ). These peptides were chemically synthesized and purified by HPLC, and the purity and identity of these and subsequent peptides were confirmed by analytical HPLC and mass spectrometry analysis.
Analysis of the flocculation activity determinants. Previous results indicated that the recombinant and synthetic forms of Flo polypeptide are equally active in sedimenting negatively charged microparticles suspended in water, mimicking those found in natural turbid water (6, 62, 69) . In this semiquantitative assay, flocculation is recorded as the decrease of the absorbance of the suspension, as resulting from the sedimentation of the flocculated glass microparticles. Efficient flocculation was observed in the presence of 20 g/ml of chemically syn-TABLE 1. Summary of the structure and antibacterial and water clarification effects of the Flo polypeptide and derivatives a a The name, sequence, and activity summary of all linear peptides are shown along with the parental Flo sequence. The underlined amino acid residues on the primary sequence indicate punctual sequence changes. Antibacterial activities are summarized with a minus sign, indicating greater than 10% bacterial survival, or with ϩ, ϩϩ, or ϩϩϩ representing 1 to 10%, 0.01 to 1%, or less than 0.01% survival, respectively, in the antibacterial assay. Flocculation activities depicted by a minus sign indicate lack of detectable activity, while ϩϩ indicates an activity corresponding to 60 to 100% of that observed for the full-length Flo. thesized Flo and P2 ( Fig. 2A and C) , which exhibited comparable activities at this subsaturating concentration (62) . In titration experiments, detectable activity was lost between 0.1 and 0.05 g/ml of either Flo or P2 (data not shown). In contrast, no detectable activity was observed using P1 or P3, even at the high concentration of 50 g/ml ( Fig. 2B and D; see Table  1 for summary). Peptides containing either the N-or C-terminal half of P2 (P2a, P2c) or a peptide of similar length covering the central portion of P2 (P2b) did not show detectable flocculation activity. This suggests that the P2 sequence mediates the flocculation effect of the full-length Flo polypeptide.
The flocculation activity of Flo may conceivably involve the interaction of the amino acid side chains with the suspended particles through various types of interactions (e.g., hydrophobic, polar, or electrostatic interactions). For instance, Flo positively charged amino acids might associate with, and neutralize, the negative charges present on the surface of the glass microparticles. Consistently, addition of Flo to the microparticles neutralized the zeta potential value of the later from Ϫ48 mV to values close to zero (data not shown), indicating that conditions mediating the maximal sedimentation rate of the suspension correspondingly result in nearly complete charge neutralization.
Removal of sequences encompassing one or both of the positively charged arginines from P2 abolished flocculation (P2bc and P2c peptides, Table 1 ). Deletion of a polyglutamine stretch in P2ab also decreased but did not fully abolish flocculation. Further deletion into a sequence bearing the partial positive charge of histidine and additional glutamines abrogated activity fully in P2a. Addition of a positive charge to the polyglutamine-deleted P2ab peptide, yielding P2ab-P22R, did not restore flocculation, indicating that the additional positive charge cannot compensate for the removal of the glutaminerich stretch. Similarly, replacement of the glycine of P2 with an arginine in P2-G40R to increase the net positive charge did not increase the flocculation activity either. Taken together, these observations are consistent with a model for a sedimentation mechanism involving both the positive charges and the polyglutamine-containing stretch of P2. Consistently, the P1 and P3 peptides that bear two or three positive charges with a similar distribution to that found for P2, but that lack a polar polyglutamine stretch, do not mediate flocculation. In addition to these features of the polypeptide, other structural constraints may also influence the flocculation activity, as suggested by the lack of activity of the P5 and P6 peptides.
Localization of the antibacterial activity determinants. To determine if a similar portion of Flo may also mediate its known antibacterial activity, Flo-derived peptides were assayed for their effects on the viability of E. coli enteric bacteria, a common marker of raw water contamination. Exponentially growing bacterial cultures were incubated with the various peptides in a nutrient-poor buffer to mimic natural raw waters (62) , and viability was scored as the ability to form colonies after plating on a solid growth medium.
Viability was decreased by 4 orders of magnitude after incubation with full-length Flo peptide, as shown previously (62) . Incubation of E. coli cells with 300 M of P1 and P2 yielded a 10-to 15-fold decrease in viability, whereas P3 was inactive at this or higher concentrations (Fig. 3A) (data not shown). Because P1 and P2 are moderately active as compared to Flo, a new polypeptide was synthesized to comprise the full-length P2 and the C-terminal half of P1, yielding P4. The activity exerted by P4 was found to be comparable to that of Flo ( Fig. 3 ; see Table 1 for summary). Further extensions of P4 sequence towards the C-or the N-terminal extremities decreased activity, suggesting that P4 bears all of the antibacterial determinants (P5 and P6, Fig. 3A and Table 1 ).
These results suggested that the amino acid sequence responsible for the antibacterial effect may span a sequence overlapping the P1 and P2 peptides, which contains two successive helix-breaking prolines bracketed by positively charged arginines. This possibility is supported by the observation that C-terminal deletions within the second ␣-helix of P4 do not decrease antibacterial activity (P4a and P4c, Fig. 3B and Table  1 ). Similarly, deletion of the first ␣-helix from the N terminus did not affect the antibacterial activity significantly, when comparing P4a with P4d, and it had only a moderate effect when comparing P4 and P4b. However, the complete deletion of helix 2 abrogated activity, when comparing P4c and P4e. Deletions from both ends, up to the amino acid preceding the arginines bracketing the prolines, yielded low activity too (P4f, Fig. 3B ). P4b exhibited a weaker effect compared to P4d, and a similar observation was made when comparing P4 with P4a, indicating that the addition of the glutamine-rich stretch interferes with the antimicrobial activity. Taken together, these results localize the minimal antibacterial domain to the proline-containing structure separating the putative helices 1 and 2, while full activity further requires flanking amphipathic helix-forming sequences.
The two prolines at positions 21 and 22 introduce a kink into the peptide, which may expose these hydrophobic residues to FIG. 2. Effect of Flo, P1, P2, and P3 on water clarification. Sedimentation assays employing glass particle suspension were performed in spectrophotometer cells as described in Materials and Methods, and optical density measurements were taken at 600 nm at 1-s intervals. Individual data points are displayed by the broad curves. After 5 min of stirring, Flo (A), peptide P1 (B), peptide P2 (C), and peptide P3 (D), respectively, were added to a final concentration of 20 g/ml (A and C) or 50 g/ml (B and D), as indicated by the arrow. The slopes of the sedimentation curves, before and after addition of the compound to be tested, were estimated by linear regression calculations and are shown as straight lines.
VOL. 49, 2005 ANTIBACTERIAL AND FLOCCULATING PEPTIDE 3851 the solvent (Fig. 1) . This kink structure is bracketed by hydrophilic side chains, the positively charged guanido groups of arginines R17, R24, and R29. Thus, the antibacterial activity might be mediated by the interaction of positively charged amino acids with the negatively charged surface of the bacterial membrane, with the kink pointing into the hydrophobic membrane layers, as a first step toward bacterial membrane disruption. This possibility was addressed by designing peptides where the two prolines at positions 21 and 22 were replaced by asparagines in P4b PP21NN , as they occupy approximately the same volume but are more hydrophilic. This was found to fully abrogate the antibacterial activity ( Fig. 4 and Table 1 ). Alternatively, arginine 17 was replaced by an uncharged glutamine in P4b R17Q, so as to decrease the net positive charge while conserving a high hydrophilicity and approximately the same volume, or a positive charge was added to P4 by replacing G20 with an arginine (P4 G20R ). The two latter changes did not affect the activity significantly, suggesting that multiple amino acids mediate the proposed interaction of Flo with the bacterial membrane. After localizing the sequence responsible for the antibacterial activity, we attempted to identify derivatives of this domain that would mediate higher activity and/or function at reduced concentration. Branched peptides known as MAPs have been used as more efficient antigens than their linear counterparts in immunization studies, which may indicate increased interaction with antibodies (64, 66) . MAPs containing four copies of the P4a and P4d peptides were thus synthesized in parallel to their linear counterparts, and E. coli cultures were challenged as before. Branched peptides exhibited improved antibacterial effect as compared to their linear counterparts, and they re-duced viable cell counts by more than 10 orders of magnitude ( Fig. 5B and C) . Moreover, titration experiments indicated that concentrations as low as 3 M of the branched polypeptides were effective, yielding similar antibacterial activity to 300 M of Flo (Fig. 5C ). This corresponds to titers of 39 and 32 g/ml for P4a MAP and P4d MAP, respectively.
Concomitantly to its effect on cell viability, Flo has been shown to aggregate bacteria at concentrations of 300 M or higher (6, 62) , and similar observations were made here with the MAPs. A previous analysis had indicated that the observed loss of colony formation potential of Flo-treated bacteria was due to a true bactericidal effect, but did not merely result from cellular aggregation. To further assess whether the observed decrease in CFU reflects true antimicrobial effects, treated or untreated cells were observed by confocal microscopy after vital staining using fluorescent dyes probing membrane permeability, followed by several washes to decrease cell aggregation. Most of the bacteria incubated in phosphate buffer alone were viable, as indicated by the green fluorescence (Fig. 6A ). On the contrary, essentially all bacteria were red after treatment with P4a MAP, indicating a massive decrease in viability both on free cells and on cells that remained aggregated (Fig. 6C) . Identical results were obtained in presence of P4d MAP (data not shown). A partial effect was observed with P4, with cells staining with both the green and red dyes, which is consistent with the lower bactericidal activity of this peptide as compared to the MAPs in the plating assay ( Fig. 6B and Table 1 ). These results thus imply that the Flo-derived peptides strongly decrease cell viability by permeabilizing or disrupting the bacterial membrane.
Large aggregates of E. coli cells were clearly observed after incubation with the P2 peptide ( Fig. 6D ), in agreement with its high activity in the flocculation assay. A similar incubation with P2ab, which displays reduced flocculation activity, yielded reduced bacterial aggregation, with occasional small flocs being dispersed within a population of isolated cells (Fig. 6E ) (data not shown). When a similar assay was performed using P4, which displays high bactericidal activity and low flocculation effect, few intact cells remained, either within flocs or as isolated cells (Fig. 6F ), suggesting that a massive amount of cell lysis had occurred. Overall, these results are consistent with those obtained with the flocculation assay, and they further document the bacterial disruption activities of Flo derivatives.
To further assess the antibacterial activity of Flo, P4a MAP, and P4d MAP, several gram-negative and gram-positive bac-FIG. 3. Effect of Flo-derived polypeptides on cell viability. Exponentially growing E. coli cells were incubated as described in Materials and Methods with the indicated polypeptides at a final concentration of 300 M. Bacterial suspensions were plated on nonselective solid medium and incubated overnight at 37°C. Cell viability is expressed as CFU, and values are normalized to those obtained for cells supplemented with buffer only, which were assigned a value of 100%. Initial bacterial loads ranged from 1 ϫ 10 9 to 5 ϫ 10 9 CFU/ml. Panel A represents treatments after using Flo-derived polypeptides. Panel B displays the activity of P4 derivatives, with full-length Flo as a standard.
FIG. 4. Effect of mutated polypeptides on cell viability. The E. coli antibacterial assay was performed as described in the legend to Fig. 3 , using peptides at a concentration of 300 M.
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teria were selected from strains that are potential human pathogens. As for E. coli, the antibacterial activity of the MAP polypeptides was much stronger than that noted for Flo (Table  2 ). Both P4a MAP and P4d MAP were highly effective against P. aeruginosa and S. pyogenes. E. faecalis was less sensitive to the MAPs, whereas S. enterica was only slightly sensitive to P4a MAP. In each case, P4a MAP was somewhat more effective than P4d MAP. S. aureus appeared to be resistant. Finally, Flo presented no antifungal activity against Candida albicans and Cladosporum cucumerinum (data not shown). Hemolytic activity. To assess possible membrane disruption effects of the MAPs on eukaryotic cells, the hemolytic activities of the linear and branched peptides were assayed on red blood cells isolated from human blood samples. As can be seen from Table 3 , little or no hemolytic activity could be noted at the effective concentrations of 30 or 3 M. Some hemolytic activity could be noted at the highest concentration (300 M), either with the parental Flo or with the branched or linear derivatives. Thus, the bactericidal effect can be observed at concentrations that are 1 to 2 orders of magnitude lower than those that elicit disruptive effects on mammalian cells.
DISCUSSION
Moringa oleifera seed extracts have been used as a traditional water clarification agent that sediments colloidal particles and suspended bacteria (6, 40, 44, 45, 62) . The Flo Moringa seed peptide was recently found to mediate flocculation and to decrease bacterial viability from nutrient-poor contaminated natural waters as well as from rich medium-based minimal bactericidal concentration or MIC assays (6, 62) . In the present structure-function study, we wished to analyze the structural basis and possible relationship between the water clarification and disinfection activities of the Flo peptide.
The determinants of Flo flocculation activity were found within the putative central ␣-helical portion. This study suggests two types of determinants for the sedimentation effect, the most important being a positively charged amino acid sequence, another being a glutamine-rich stretch required for maximal activity. This finding is consistent with a model of the sedimentation of particulate material involving a two-step sequential process (38) . The stability of colloidal suspensions of bacteria or clay depends on the repulsive forces between the negative electrostatic charges of the particles and/or their counter-ion layer. Destabilization of colloids thus involves the adsorption of a positively charged compound to the surface of the particle, reducing these repulsive forces. If subsequent collisions lead to stable interactions of the particles, as mediated by attractive forces such as van der Waals forces, coagulation and sedimentation may occur. In addition to charge neutralization by coagulants, flocculating agents act by crosslinking the particles at a distance, forming loose aggregates that will also increase the sedimentation rate. As a consequence, effective water clarification often requires at least two different agents: i.e., cationic metals such as iron, aluminum, or magnesium for coagulation and synthetic or natural polymers for flocculation (28, 30, 31) .
Consistently, sedimentation of suspended particles by Flo or its shorter P2 derivative likely involves the neutralization of negative charges in a coagulation mechanism, as indicated by the neutralization of the microparticles' zeta potential. However, a simple charge neutralization mechanism cannot fully account for the sedimentation effect of P2. For instance, sedimentation does not occur with other positively charged portions of Flo having similar charge distribution and isoelectric points, but it requires the glutamine-rich sequence found in P2. Polyglutamine stretches are well known to mediate promiscuous protein-protein interactions, as exemplified by the interactions of numerous transcription-regulating proteins or the formation of insoluble protein aggregates by polyglutamine proteins (32, 49, 60, 61) . These results thus point to a mechanism whereby the positively charged part of the peptide would associate with-and neutralize-negative charges on the sur- VOL . 49, 2005 ANTIBACTERIAL AND FLOCCULATING PEPTIDE 3853 face of the particles in a coagulation effect, while the glutamine-rich stretch would mediate interaction of particlebound peptides, effectively cross-linking particles and resulting in floc formation. The double mode of action of this peptide may be the underlying mechanism of its potent water clarification activity. Interaction of Flo with the bacterial membrane may conceivably also mediate its antibacterial activity. Nevertheless, we find that the flocculation determinants of Flo can be separated from its antibacterial activity. For instance, the P4 derivative displays potent antibacterial activity, but it is inactive as a flocculation agent. Conversely, P2 and derivatives have high flocculation activity, but they are poor antibacterial agents. Therefore, we conclude that the two activities require distinct but overlapping structures and that the antibacterial activity cannot simply result from a cell aggregation mechanism but requires additional activities.
Flo is homologous to other plants' 2S seed proteins, such as the mabinlins, napins, and D-hordein, that may have the dual function of metabolic storage and defense against microbial attacks (5, 43, 70) . The antibacterial effect of such antimicrobial peptides has often been ascribed to peptides that are poorly structured in aqueous solution, but which fold in an amphipathic ␣-helical structure upon association with the bacterial membrane (39, 71) . Consistent with this possibility, the Flo peptide is poorly structured in aqueous solution, according to circular dichroism and nuclear magnetic resonance studies, but it may gain some helical structure upon incubation with synthetic membranes (M.S., unpublished results). Association of multiple amphipathic helices at the interface of the hydrophobic and hydrophilic layers of the membrane would then lead to membrane destabilization and/or to the formation of pores disrupting the transmembrane potential (71) . However, further studies will be required to determine the active structure of Flo derivatives. Unexpectedly, the minimal antibacterial portion of Flo lies within the proline-containing loop that separates two positively charged sequences prone to form ␣-helices. Structural analysis indicates that it may consist of a hydrophobic patch containing the two prolines bracketed by the positive charges of arginines pointing outward from the folded polypeptide (Fig. 1C) . This finding suggests a mechanism whereby interaction of the positively charged side chains with the negatively charged bacterial membrane would ideally place the hydrophobic patch for internalization into the hydrophobic core of bacterial membrane. Indeed, replacing the two hydrophobic prolines with polar asparagines is the most deleterious amino acid substitution, as it totally abrogates antibacterial activity. This would then lead to membrane disruption as proposed for the amphipathic ␣-helical antimicrobial peptides. Consistently, we find that the MAP derivatives formed from this portion of Flo efficiently permeabilize E. coli membrane, as indicated by the vital dye assay.
Taken together, these observations point to the following mechanistic model. The positively charged portion of Flo involved in both flocculation and antibacterial activities, as found in the P2ab peptide, would interact with the negatively charged bacterial membrane. This portion of Flo would then lead to the flocculation of bacteria when acting in conjunction with the polyglutamine stretch in P2, while it would cooperate with the hydrophobic loop structure to destabilize the bacterial membrane in P4a. The presence of both the polyglutamine and hydrophobic loop as in P4 decreases both the antibacterial and the water clarification effects found with shorter derivatives. This indicates that if the initial step of the interaction of the peptide with the bacterial membrane may be common to both pathways, the peptide conformation or interactions required for further steps toward flocculation or membrane disruption should differ.
The proposed hydrophobic loop of Flo is reminiscent of similar structures found in other antibacterial peptides, such as the type IIIЈ ␤-turn connecting both strands of the ␤-sheet on the MDG1 mussel defensin (27, 57) . A 9-amino-acid peptide corresponding to this loop exhibited bacteriostatic activity after being cyclized by a non-naturally occurring disulfide bridge. Other antimicrobial loop structures stabilized by disulfide bridges include the C-terminal loop of the hemipteran insect thanatin (15, 34) or the disulfide-constrained loop on the ␤-hairpin polyphemusin from horseshoe crab (41, 53) . In all of these polypeptides, loops are stabilized by the formation of natural or artificially made disulfide bridges that lock hydrophobic and positively charged amino acids in a sharp hairpin structure. In the case of Flo, the cysteines required to form these disulfide bridges are not present. Therefore, the loop may be stabilized by the kink produced by prolines at positions 21, 22, and 26 (Fig. 1C) , which is reminiscent of the proline hinge of buforin II that was also proposed to play a key role in membrane penetration (48) . Further studies will be required to determine if these proline-containing loop structures represent a new class of antibacterial structure.
The tetramer MAP employed in this study enhanced the interaction of the polypeptides with the target, diminishing the bacterial survival fraction by several orders of magnitude compared to linear polypeptides. This may result from the increase in effective molarity of the monomeric units and the increase of avidity resulting in a decrease of entropy of self-assembly into the bacterial membrane, mimicking the high-order assembly of antimicrobial peptides during their membranolytic action (67) . Viability tests proved that MAPs have a strong antibacterial potential against gram-negative and gram-positive bacteria, and they are particularly active on the opportunistic pathogen P. aeruginosa. S. aureus is the only organism tested that appeared to be completely resistant to the MAPs. This resistance may be explained by S. aureus' known mechanism of protection against cationic peptides (50, 51) . The finding of an antibacterial activity of MAP derivatives in the micromolar range, its specificity toward some human pathogens developing multidrug resistance to common antibiotics, and the lack of hemolytic activity at effective concentrations thus place Flo derivatives among the attractive potential antibacterial agents, for instance for topical applications. The antibacterial effect was determined on E. coli and depicts the percentage of surviving cells after treatment. Nontreated cultures (100%) correspond to an average of 10 12 bacteria per assay. Hemolytic activity was determined by recording the absorbance of red blood cell supernatant after incubation with the indicated peptide and centrifugation. One hundred percent hemolysis corresponds to the absorbance value of human erythrocytes treated with 0.1% Triton X-100. VOL. 49, 2005 ANTIBACTERIAL AND FLOCCULATING PEPTIDE 3855
